Starting with a simplified picture of the presumed magnetization configuration in a two-domain sphere of magnetite, the initial susceptibility due to rotation of the magnetization in the domains has been calculated. In particles between 100 and 300 nm in diameter the calculated susceptibility for randomly oriented particles drops rapidly from about 6 to a little over 3, which is the value to be expected for large multidomain particles. The results agree well with the available experimental results and imply that in magnetite particles in this size range the low field susceptibility is dominated by.the domain rotation and that wall motion is effectively inhibited.
Introduction
One of the current aims of rock magnetism is to explain the magnetic properties of 'pseudosingle-domain' magnetite grains, too large to be uniformly magnetized single domains, but capable of carrying remanent magnetizations stronger and more stable than those associated with large multidomain grains. Dunlop (1977) calls the solution oTTf this problem 'the key to understanding stable TRM (or DRM or CRM, for that matter) in fine grained rocks'.
As a consequence of the great difficulty of solving the basic magnetic equations, it is as yet impossible to predict with certainty the true magnetic configuration of a grain of given size. It is believed, however (Moskowitz & Banerjee 1979) , that with increasing size, equidimensional magnetite grains follow a simple progression from single, to two, and finally to multidomain configurations.
Ideally, one would wish for a theory that treats irregular and imperfectly formed grains such as are found in rocks, but in the face of the difficulties involved, idealized particle shapes and approximate models have to be dealt with, and their validity judged by the agreement of the calculated behaviour with experiment. The calculations presented here deal with magnetite particles in the range of sizes over which a two-domain state is likely to be stable. Perhaps the most important feature of such particles is that the domain wall occupies a significant fraction of the total volume; very different from large particles where the domain wall thickness may be almost negligible.
In a piece of ferromagnetic material containing a large number of magnetic domains, the dominant contribution to the low field susceptibdity is usually made by the motion of the domain walls, whereas in a single domain particle, in the absence of domain walls, the susceptibility is due to the rotation of the domain magnetization away from its preferred direction. In a small particle containing only a few domains either of these processes of magnetization could be dominant, and in addition the deflection of the net moment of the domain walls under the influence of an applied field may be of importance. The purpose of the calculations presented here is to estimate the contribution of these three modes of magnetization to the measured susceptibility of two-domain magnetite particles, and so determine which mode dominates in practice.
In the following discussion of the susceptibility of two-domain particles, the commonly used term 'domain rotation' is used in place of the more accurate, but cumbersome 'rotation of the magnetization within a domain'.
Domain model
In magnetite particles less than 1 pm in diameter a single domain wall occupies a significant fraction of the particle's volume, and the size and energy of the wall, as well as the magneto- static energy of the domain configuration, must be included in calculations of the magnetic susceptibility. In this paper these values are taken from a previous calculation of the domain state and anhysteretic susceptibility of small spheres of magnetite (Veitch 1984) . Fig. l(a) illustrates the initial domain model; two domains, magnetized along opposed easy directions, are separated by a 180" Bloch wall. This model and the method of calculation were based on the work of Amar (1957 Amar ( , 1858a , with modifications, one of which was to include an improved approximation to the magnetostatic energy by considering a smooth continuous rotation of the magnetization in the wall (as in Fig. la) , the other being an adjustment to the wall energy to take account of the spherical shape (Amar's original treatment being for parallelepipeds). The parameters of the model are listed in Table 1 .
Moskowitz & Banerjee (1 979) found support for the Amar model when, by means of it, they calculated a value for the upper single domain grain size in cobalt which was in agreement with the micromagnetic solution of Stapper (1969) .
Particles between 100 and 300 nm in diameter have been considered here. The lower limit is set by the first appearance of a stable two-domain state in the calculations of Veitch (1984) and the upper limit is arbitrary. Moskowitz & Banerjee found the two-to threedomain transition to occur at 150 nm for cubic particles (which translates to a somewhat higher value for spherical particles, which have a larger ratio of wall area to particle volume). There is also evidence (Halgedahl & Fuller 1983 ) that the difficulty of nucleating a domain wall often results in a magnetic particle containing fewer domains than predicted from equilibrium theory. Assuming for the moment that the plane of the wall remains fixed in direction, the resulting rotation of the two domains towards the field direction can be pictured as in Fig. l(b) . In order that no internal magnetic poles appear, all the spins in the wall must be deflected through the same angle c as the magnetization in the domains. The following three factors have been taken into account in deriving an approximate expression for the x-component of susceptibility, K , : changes in the magnetostatic energy; changes in the magnetocrystalline energy of the domains, and changes in the wall energy.
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M A G N E T O S T A T I C E N E R G Y I N T H E A P P L I E D F I E L D
As all spins rotate through the same angle the induced magnetic moment rn, is simply M, V sin c and the energy in the applied field H, is -poH,M, sin c.
. 2 M A G N E T O S T A T I C S E L F -E N E R G Y
The x-component of magnetization contributes a term po VNM: sin2 { / 2 to the magnetostatic self-energy, while the y and z magnetizations are reduced by the factor cos < and the corresponding energy reduced by cos2 5. Together these terms give a self-energy po ( V N ! : /2) (sin' { + E, cos' 0. Neglecting second-order effects means that terms such as aE,/a{ are neglected.
M A G N E T O C R Y S T A L L I N E E N E R G Y O F T H E D O M A I N S
The increase in magnetocrystalline energy per unit volume for a small displacement of the magnetization from an easy direction is 21KI sin' {/3 (e.g. Craik 1971) and the resulting increase in the energy of the two-domain particle is 21K I V , sin' </3.
D O M A I N W A L L E N E R G Y
Turning all the spins towards the x-axis reduces the angles between adjacent spins in the wall by the .factor cos {. Lilley (1950) shows that this leads t o a reduction of the wall energy by the same factor. The wall energy in the present case is then Vwow cos c. 
S U S C E P T I B I L I T Y K ,
Summing the various terms gives the total energy Ex
Setting aE,/at=O leads to an equilibrium value of { = T o and to an expression for the susceptibility K, = M , sin to /H, for small values of 5 (using sin 5 {)
The first and third terms in the denominator oppose the domain rotation, while the decrease in wall energy helps the process of magnetization and increases the susceptibility. As the wall would not be present unless the two domain state were favoured energetically, poNM; / 2 is greater than poNM; E,/2 + u,u, and therefore the denominator is always positive.
In a single domain grain, E, = 1, u, = 0 and ud = 1, giving K, = ~;3M;/4lK/ = 16.7, and in the extreme case of a large two-domain particle u,uw is negligible, ud 2 1 and E, = 0.485, so that the limiting value of K, is 4.3. The three terms in the denominator of equation (2) can be viewed as separate impedances to the magnetization and the 'partial susceptibilities'
and K,K can be defined by K,, = "(1 -E,)]-' etc., so that K, ' = K; ;
These partial susceptibilities provide a convenient way of comparing the various contributions to the total susceptibility. depends only on the domain geometry and K,K is proportional to M : / ( K I , so these two terms can easily be applied to particles of other materials. For this reason K,, and K,K have been plotted separately in Fig. 2 as functions of the reduced wall thickness d/2R.
is always much lower than K,K and so tends to reduce the total susceptibility to below the single domain value. K , is plotted in Fig. 6 as a function of the particle diameter.
4 Domain rotation in response to a field parallel to the piane of the walI Fig. l(c) gives a pictorial representation of the effect produced by a small magnetic field H, applied along the z-axis. Each domain is rotated through an angle q from its equilibrium position (assuming from the stasrting symmetry that each domain rotates by the same amount), and the angle through which the spin within the wall turn is either increased or decreased depending on the relative orientation of the mean wall magnetization and the applied field.
M A G N E T O S T A T I C E N E R G Y I N T H E A P P L I E D F I E L D
The arrangement shown in Fig. l 
YO
y/yo is about 2.7 for a 180" wall in magnetite, so the fractional change in wall energy for the rotation of both domains of the two-domain particle through 17 is approximately (2 x 1 .86/2.7)q2 = 1 .4q2.
M A G N E T O S T A T I C S E L F -E N E K G Y
Looking at the change of magnetostatic energy with q (using equation 1 of Veitch 1984) reveals a weakness in the starting model; the change in the magnetostatic energy Em,, must be expressed in the form E L+ EL,,q2 for small q (where the coefficients ELq and E;,, are found numerically, and I?,!,,,, # 0). This is due to the magnetic interaction between the wall and the domains, and means that the assumed starting model cannot represent a true energy minimum and equilibrium. The model can be improved by letting the domains rotate away from the easy axes to reduce the magnetostatic energy (this is discussed further in Section 5).
S U S C E P T I B I L I T Y K,
The magnetocrystalline energy has the same form as in Section 3. The variable energy E, may be then be written.
E z = E L+ E;,,q2 * 1 . 4 V w 0 ,~~ + (2VdlKl/3)02 -PoH,M,Vfq (7) with E L q tending to increase the rotation within the wall, and therefore the wall energy term must be positive at equilibrium in the absence of an applied field.
Setting H , = 0 and aE,/aq = 0 gives the equilibrium value of q = qo. The low field susceptibility K, is then K,, and K,K, defined as for K,, etc. are plotted in Fig. 2 , and K , as a function of particle size is given in Fig. 6 . K,, increases rapidly as the reduced wall thickness approaches 0.7, but K,, acts to reduce the total susceptibility and K , is smaller than K,. The strong influence of K~~ produces a decrease of K, with decreasing particle size.
Rotation of the plane of the wall
Because the domain wall has a net moment, there will be a tendency for it to rotate under the influence of an applied field as in Fig. l(d) . The structure and energy of the wall depend on its crystallographic orientation.
In bulk material the angle @ between the spins in the wall and the [ 11 11 direction are related to the distance perpendicular to the wall by Lilley's equation (5.14)
where is the distance measured in units of bo = (A/K)'/' = 22.7 nm (Moskowitz & Banerjee 1979 ) and 7 and p have the same meaning as before. This function is plotted in Fig.  3 . When p = 2 2'/', (o = n/6 f nn/3), the wall is asymmetrical because it includes an intermediate easy direction, and therefore resembles contiguous 70.5" and 109.5' walls. Because, as can be seen from the figure, the wall thickness does not vary greatly with the orientation, and because the domain model does not take account of the details of the wall structure, an estimate of the potentail susceptibility due to the rotation of the wall has been made using only the direct dependence of the wall energy on the orientation. This dependence is shown in Fig. 4 , in which equation (5) for the wall energy (also from Lilley) is plotted as a function of w . o = n/6 +-nn/3 to energy minima. For small deflections 0 from the minima the curve may be approximated to a parabola and the energy is Emin(I + 0.1602), where Emin is the minimum energy.
If the magnetic moment of the wall is m,, and a field H , is applied, then the energy E x , relevant to the rotation of the wall through a small angle 8 is
(10)
Proceeding as before leads to an equation for K,, the susceptibility due to wall rotation
The wall moment corresponding to the situation shown in Fig. l(a) was calculated in Veitch (1984) and is plotted in Fig. 5 , and the resulting K , plotted in Fig. 6 . However, as discussed in Section 4, to a better approximation, even in the absence of an external field, the magnetization in the domains is deflected away from the easy axes so as to reduce the net PARTICLE DIAMETER ( nm I Figure 6 . Susceptibilities K~, K~, K, and K$ versus particle diameter particle moment. Equations (3) and (7) together allow the calculation of an adjusted net moment mk to replace m , . rn; is also plotted in Fig. 5 . Because the moment is squared in equation (1 1) the change from m , to rnh produces the dramatic reduction in K, to the adjusted value K ; seen in Fig. 6 . The rotation of the plane of the wall is akin to wall motion, and subject to the same obstacles. It is to be expected then, that in practice the susceptibility contribution due to this cause would be somewhat lower than the value calculated above.
Conclusions
Rocks, or synthetic samples, normally contain large numbers of non-aligned particles. In a randomly oriented ensemble each component ( K , etc.) contributes a third of its value to the total susceptibility. Taking only the domain rotation into account, this gives a susceptibility K , = ~, / 3 + ~, / 3 , which is plotted in Fig. 7 . The value of K , decreases with increasing particle size from 6 for 100 nm particles to about 3 for 300 nm particles. It is interesting that the susceptibility of the 300 nm particles is close to the value expected for much larger multidomain particles. Close to the single domain transition size, when the domain wall fills a large part of the particle, the present calculation is probably inadequate and a broken line has been used in Fig. 7 to indicate the susceptibility. Three experimental values of susceptibility of two-domain particles (taken from Dunlop 1977, and Veitch & Schmidbauer 1983) , have been included in the figure, and are in satisfactory agreement with the calculated susceptibility for domain rotation alone.
Including the wall rotation term K ; has little effect on particles above 180 nm (Fig. 7 ) but substantially increases the calculated susceptibility of the smallest sizes. However, the ability-of the wall to rotate in this manner implies a freedom of motion which would contribute again to the susceptibility. That high susceptibilities are not observed experimentally suggests that the domain walls are always effectively pinned and wall motion does not contribute to the low field susceptibility. A study of the directional dependence of the susceptibility provides a potential way of deciding whether the magnetic remanence exhibited by such particles is due to domain wall motion or to the permanent moment of the domain wall, because in the first case the direction of remanence (approximately along the y-axis) should correspond to the direction of a marked susceptibility minimum. This test is only valid if the susceptibility due to wall motion (which is effective for fields parallel t o the y-axis) is much smaller than the susceptibility due to domain rotation.
